Purpose To compare intraocular pressure (IOP) measurements with Goldmann applanation tonometry (GAT) and iCare tonometry in normal and post-keratoplasty corneas and to assess the influence of central corneal thickness (CCT), corneal curvature (CC), and corneal astigmatism (CA) on IOP. Methods This prospective cross-sectional study included one eye of 101 subjects with normal corneas (58 healthy subjects, 43 glaucoma); and 90 post-keratoplasty patients: 34 penetrating keratoplasties (PK); 20 automated-lamellar-therapeutic keratoplasties (ALTK); 19 Descemet-stripping-automatedendothelial keratoplasties (DSAEK); 17 edematous grafts. All subjects underwent GAT and iCare IOP measurements in random order, and CCT, CC, and CA evaluation. The Bland-Altman method and multivariate regression analysis were used to assess inter-tonometer agreement and the influence of CCT, CC, and CA on IOP.
Introduction
The accuracy of intraocular pressure (IOP) measurement is crucial in the screening, diagnosis, and management of glaucoma and for all types of intraocular surgical procedures. Goldmann applanation tonometry (GAT) is considered the gold standard for IOP measurement; 1 its accuracy is, however, influenced by corneal thickness, curvature, and biomechanical properties, such as rigidity, viscosity, elasticity, hydration, [2] [3] [4] [5] [6] which have shown to have high interindividual variability and to be affected by corneal pathology and surgery. 3, 4, [7] [8] [9] Studies have shown erroneous postoperative IOP readings with GAT after keratoplasty. [8] [9] [10] [11] Although not fully understood and predictable, GAT IOP errors in corneal grafts may be due to several factors including the following: surgically induced thinning or thickening of the cornea; high and/or irregular postoperative astigmatism; disruption of the mechanical integrity and remodeling of corneal tissue, which include the compliance forces present in the host eye, variable graft-host interface mechanics, changes in corneal biomechanical properties, and difficulties in aligning the tonometer head properly on the corneal surface. [8] [9] [10] [11] Several alternative tonometers have been developed that claim to provide measurements that are not influenced by corneal properties, unlike GAT. The iCare (Tiolat Oy, Helsinki, Finland) is a new handheld tonometer, which is based on the impact-induction principle also known as rebound tonometry. 12 The main advantages of this device include its quick and simple use, and that local anesthesia and slitlamp are not needed. The iCare tonometer has shown good reproducibility 13 and correlation with GAT and other tonometers in healthy and glaucomatous eyes. [13] [14] [15] [16] Although iCare was designed not to be influenced by corneal properties, studies have shown that central corneal thickness (CCT) and other corneal structural characteristics affect iCare IOP readings. [13] [14] [15] [16] [17] To the best of our knowledge, studies reporting the influence of corneal curvature (CC) on iCare and comparative IOP measurements in post-keratoplasty eyes are limited.
The purpose of our study was to compare IOP readings taken with GAT and iCare in subjects with normal corneas and in patients that underwent lamellar or penetrating keratoplasty and to assess the influence of CCT, corneal curvature (CC) and corneal astigmatism (CA) on IOP measurements.
Materials and methods
This observational, prospective, cross-sectional study included the following groups of consecutive subjects: 101 eyes with normal cornea (control group: 58 healthy subjects and 43 with primary open-angle glaucoma or POAG subjects); and 90 eyes that underwent keratoplasty (34 penetrating keratoplasties or PK; 20 automated lamellar therapeutic keratoplasties or ALTK; 19 Descemet stripping automated endothelial keratoplasties or DSAEK; 17 edematous corneal grafts). Only one eye per subject was randomly selected using a computer-generated randomized number assignment. The study was in compliance with the tenets of the Helsinki's Declaration, and informed consent was obtained from all participants before testing. Each participant underwent the following examinations on the same day: complete ophthalmologic examination, including best-corrected visual acuity evaluation, slit-lamp examination by our corneal specialists (to determine signs of clinical corneal edema), and fundus biomicroscopy with a 90D lens; IOP measurement with GAT and iCare tonometer taken in random order, followed by CCT, CC, and CA measurements. Normal subjects were recruited from staff members and volunteers. POAG and post-keratoplasty patients were recruited from the Glaucoma and Cornea Clinics of the Department of Ophthalmology of the S. Maria della Misericordia Hospital, Udine, Italy. The study was in compliance with Institutional Review Boards (IRBs) and HIPAA requirements for the institute involved in the study. The study was approved by the IRB of the Azienda Ospedaliero-Universitaria 'S. Maria della Misericordia', Udine, Italy.
Inclusion criteria were as follows: open anterior chamber angle; absence of ocular pathology other than glaucoma, ocular hypertension, mild nuclear sclerosis and rare drusen; at least 3 months after surgery in grafted subjects; reliable IOP and iCare measurements; and willingness to provide informed written consent.
Exclusion criteria included: presence of secondary causes of glaucoma; microphthalmus; ocular inflammation; history of intraocular surgery other than keratoplasty; and, contact lens wear.
Normal eyes were defined as GAT IOPr21 mm Hg; normal optic nerve head (ONH) and retinal nerve fiber layer (RNFL) appearance, normal standard automated perimetry (SAP) visual field (VF) results; no family history of glaucoma, and other ocular pathologies. POAG was defined as IOP421 mm Hg before medication, ONH or RNFL thickness with typical glaucomatous changes, and/or reproducible glaucomatous SAP VF defects.
The corneal diseases requiring keratoplasty were as follows: keratoconus with apex opacity or contact lens intolerance, stromal dystrophies, corneal leucoma, stromal opacity occurring after herpes keratitis, penetrating injuries and opacity of the donor button after previous PK for PK or ATLK; Fuchs endothelial dystrophy and bullous keratopathy for DSAEK. The clinical corneal edema was caused by graft failure or reject.
All keratoplasty surgeries were performed by a single surgeon (PB) from March 2006 to January 2009. PK, 18 ALTK, 19 and DSAEK 20 techniques have been extensively described elsewhere. Four interrupted sutures and a single 16-bite 10-0 nylon suture (Ethicon Inc., Somerville, NJ, USA) were placed in all PK and ALTK cases. The postoperative medication included 0.1% dexamethasone sodium phosphate and ofloxacin eye drops four times daily for 1 week. Dexamethasone eye drops were tapered for 12 months in all groups. In PK and ALTK eyes, the running suture was removed 6 and 12 months after surgery, respectively. The presence or absence of the running suture at the time of examination was recorded for each eye.
All CCT, CC, and CA measurements were performed by the same experienced examiner (LP). CCT was measured with an ultrasonic pachymeter (Altair pachymeter, Optikon 2000, Rome, Italy) after topical anesthesia with 0.4% benoxinate hydrochloride eye drops. The mean of three readings within a range of ± 5 microns was considered.
CC measurements were taken with the Automatic Refractor/Keratometer 599 (Zeiss Humphrey, Dublin, CA, USA). Simulated keratometric values include diopter power and axis of the steepest meridian and at 901 (K1 and K2). K1 and K2 were averaged to obtain a single CC value. The CA value was defined as the absolute value for K2 minus K1.
All IOP measurements were taken by the same experienced examiner (MLS) who was masked to previous readings. A different observer (LP) read and recorded the IOP readings to minimize biases. GAT and iCare tonometry methods were performed according to manufacturer's guidelines. 1, 12 All subjects underwent IOP measurements with GAT and iCare tonometer in random order, with a minimum 5-min time interval between readings to minimize the tonographic effect of applanation tonometry. To minimize the potential confounding effect of diurnal variation in IOP, all measurements were taken from 1000 to 1130 hours.
GAT (Haag Streit International, Koeniz, Switzerland) was performed with a BQ 900 slitlamp (Haag Streit, Bern, Switzerland) using local anesthetic (0.4% benoxinate hydrochloride) and fluoresceine sodium 2% strips. GAT was calibrated weekly and performed in the manner originally described by Goldmann and Schimdt. 1 Before each reading, the measurement drum was reset to B6 mm Hg. If IOP fluctuated during the cardiac pulse cycle, GAT measurements were taken in the middle of the pulsation amplitude. The mean of three consecutive IOP readings was considered for analysis. In eyes with irregular astigmatism or regular astigmatism 43 diopters (D), three readings on the steepest and three on the flattest axis were averaged for each eye. 21 A minimum 3-min time gap between GAT readings was used to minimize the tonographic effect of applanation tonometry.
The iCare tonometry has been thoroughly described elsewhere. 12 In brief, the tonometer is a small handheld device composed of a probe and a solenoid. The probe is positioned at a distance of B4-8 mm from the cornea, utilizing the forehead as a base support. In pressing the button, an electrical pulse generates a magnetic field in the solenoid, which repels the magnet and the probe. The probe moves towards, then rebounds off the cornea, which is used in the calculation of IOP. 12 The software is programmed for six measurements: the average IOP value is then automatically calculated excluding the highest and the lowest readings. After the sixth measurement, the letter P appears on the display, followed by the mean IOP reading. The mean of three consecutive IOP readings was recorded. The iCare tonometer utilizes different symbols after the letter 'P' to indicate the quality of measurement taken. As suggested by other authors, 17 we discarded any iCare reading with an error bar.
The differences between GAT and iCare tonometer results were calculated with the paired t-test; the comparisons among groups of subjects were assessed using the analysis of variance; the Duncan's multiple range test and the Bonferroni correction were used for multiple comparisons. Percentages were compared using the w 2 -test. The correlation between tonometers was calculated using the Pearson correlation coefficient. Agreement between tonometers was assessed using the Bland-Altman method. 22 The percentage of eyes with a IOP difference (DIOP) between tonometers within ± 1, 2, 3, 4, 5, and 45 mm Hg was calculated. A DIOP between tonometers of 4 ± 3 mm Hg was considered as clinically significant in our study. Multiple linear regression analysis (MLRA) was used to evaluate the influence of CCT, CC, CA, and the mean IOP value of the tonometers ((GAT þ iCare)/2) on the IOP measurements and the DIOP (GAT minus iCare). Significance levels were assessed by the paired two-tailed t-test. The statistical analysis was performed using SPSS 11.0 (SPSS, Chicago, IL, USA). Statistical significance was defined as Po0.05. For multiple comparisons a P-value of o0.01 was considered as statistically significant.
Considering that our study defined a DIOP of greater than ±3 mm Hg as clinically relevant and that the SD of IOP differences between tonometers was B3.5 mm Hg (Table 2) , the power of our study in detecting a 3 mm Hg difference (at the 5% significance level, with an error type II of 20%) was 100% in a group of 100 subjects (control eyes) and 75.2% in a group of 20 subjects (postkeratoplasty eyes).
Results
Demographics and corneal structural characteristics are listed in Table 1 . The mean time between grafting and last considered follow-up was 12.7 ± 15 (range 4-38) months. Three PK eyes and two ALTK eyes had a running suture in situ. Table 2 shows the IOP measurement results. Mean IOP measurements were significantly higher with GAT than with iCare in controls, PK, ALTK, and DSAEK groups, and significantly lower in the edematous grafts group. GAT and iCare reading appeared highly correlated in all groups. The mean DIOP in absolute value were highest in the edematous grafts and PK groups, lower in the DSAEK group, and lowest in the ALTK and controls groups.
When the measurements were taken in two different sequences in all groups (GAT first vs GAT second), the DIOP were not significantly different. Figure 1 shows the percentage of eyes following within different intervals of DIOP between tonometers (GAT minus iCare) for all groups. The percentage of eyes with a DIOP within ± 3 mm Hg were highest in healthy eyes and ALTK group, higher in the DSAEK group, lower in POAG eyes and PK group, and lowest in the edematous grafts. The DIOP were within ±3 mm Hg in 42.4% of all eyes.
The Bland-Altman plots of the agreement between GAT and iCare IOP measurements are shown in Figure 2 . The plots show the distribution of DIOP (GAT minus iCare) on the y axis and the mean IOP value of the tonometers on the x axis for each measured eye. The mean of the DIOP (GAT minus iCare) was positive in the control, PK, ALTK, and DSAEK groups; however, was negative in the edematous graft group.
The MLRA results are listed in Table 3 . The dependent variables considered in our study (CCT, CC, CA, and mean IOP value) were able to explain the variation of the independent variables (GAT and iCare IOP readings) in eyes with normal cornea (Po0.05) but not in post-keratoplasty eyes. Healthy subjects and POAG eyes showed comparable MLRA results (data not shown). With regards to the control group, both tonometer IOP readings were significantly directly related to CCT, which appeared slightly higher for iCare. IOP measurements with iCare appeared significantly inversely related to CC. The DIOP (GAT minus iCare) appeared significantly directly related to CC and mean IOP. The relationship between IOP readings and CCT, CC and CA in post-keratoplasty eyes were not significant, except for CC on the iCare IOP measurements in the PK group that showed a significant inverse effect. IOP values of both tonometers were not significantly influenced by patient age or the presence of a running suture (P40.05).
Discussion
In accordance with previous reports, [13] [14] [15] [16] 23 GAT and iCare IOP measurements were highly correlated ( Table 2 ). The iCare tonometer, however, significantly underestimated GAT IOP in all groups (Table 2; Figure  2a -d), with exception of edematous graft corneas, in which IOP tended to be overestimated compared with GAT (Table 2; Figure 2e) . The relationship between GAT and iCare readings is a still debatable issue. Although iCare has not been validated with manometric studies in human eyes, studies have shown that rebound tonometry provides accurate IOP measurements compared with manometric studies on animal models, 24, 25 and tend to be preferable to TonPen IOP readings. 24 Our results for healthy and glaucomatous eyes are in accordance with some studies, 12 ,16 yet in disagreement with others, 13, 15, 17 which may be due to the differences in the cohort of subjects.
The mean IOP difference between GAT and iCare readings was higher in glaucomatous patients than in healthy eyes (Table 2 ). This finding could be due to the difference in age, mean IOP (MLRA results, Table 3 ), or corneal biomechanical properties. All POAG patients were receiving anti-glaucomatous eye drops, which have shown to influence corneal extracellular matrix; 26 thus, corneal rigidity or elasticity may have been altered in the POAG eyes.
The iCare tonometer tended to significantly underestimate GAT readings in post-keratoplasty eyes, with exception to eyes with corneal edema (Table 2 ; Figure 2a -e). Unlike GAT, which has shown to significantly underestimate IOP in edematous corneas, 2, 3 iCare tended to be less influenced by corneal hydration.
The reproducibility of GAT has shown to be quite good, ranging from about 2.5 mm Hg in normals and 3.5 mm Hg in post-KP eyes. 27 In accordance with previous studies, 28, 29 differences that exceed these limits tend to be clinically relevant for diagnosis, follow-up, and treatment.
GAT and iCare measurements were not interchangeable in the majority of cases in both normal and post-surgical corneas, considering that 57.6% of eyes showed an IOP difference between tonometers of more than ±3 mm Hg (Figure 1 Figure 1 Frequency histogram of the differences in IOP measurements between GAT and iCare. The histogram shows the percentage of eyes falling within different intervals of differences in IOP measurement between GAT and iCare (GAT minus iCare) in subjects with normal corneas (control group), patients after penetrating keratoplasty (PK group); patients after automated-lamellar-therapeutic keratoplasty (ALTK group), patients after Descemet-stripping-automated-endothelial keratoplasty (DSAEK group), and patients after keratoplasty with corneal edema (edematous grafts group).
relevant, the agreement between tonometers appeared clinically acceptable in the control, ALTK, and DSAEK groups (Figure 1 ). The agreement, however, was poor in the PK group, considering that 56% of these eyes showed a DIOP between tonometers of 4 ± 5 mm Hg. It was clinically unacceptable in eyes with corneal edema, considering that 71% of these eyes showed a DIOP between tonometers of 4 ± 5 mm Hg. CCT significantly affected both GAT and iCare IOP measurements in healthy corneas, however, did not in post-keratoplasty eyes (Table 3 ). In accordance with other studies regarding GAT 5,30-33 and iCare, 14, 15, 17 our data showed that the IOP was significantly directly related to CCT in subjects with normal cornea (Table 3) , with an increase IOP of 0.41 mm Hg for GAT and 0.50 mm Hg for iCare per 10 mm increase in CCT (Table 3) .
Our post-keratoplasty eyes did not show any statistically significant relationship between CCT and both tonometers IOP readings, which is in accordance to previous studies regarding GAT in post-PK, 8, 11 post-deep anterior LK, 8 and post-DSEK. 9 It is likely that keratoplasty may alter corneal biomechanics, 9 and Figure 2 Bland-Altman plots of the agreement between GAT and iCare IOP measurements. The plot shows the distribution of DIOP (GAT-iCare) (y axis) against the mean IOP value of the tonometers (x axis) for each measured eye in subjects with normal corneas ((a) control group), patients after penetrating keratoplasty ((b) PK group), patients after automated-lamellar-therapeutic keratoplasty ((c) ALTK group), patients after Descemet-stripping-automated-endothelial keratoplasty ((d) DSAEK group), and patients after keratoplasty with corneal edema ((e) edematous grafts group).
corneal rigidity may not necessarily increase in thicker post-keratoplasty corneas. Elevated IOP readings with both tonometers after keratoplasty should thus raise suspicion of true high IOP.
CC appeared to significantly affect iCare IOP in normal and post-PK corneas, however, it did not influence GAT IOP (Table 3) . Studies have shown that the influence of CC on GAT IOP readings is debatable, yet tends to be marginal in normal eyes. 4, 5 In accordance to our results, previous authors have reported that there are no correlations between CC and GAT IOP; 5, 28, 34 however, other studies have shown some correlation. 35 Moreover, CC has shown to have no significant effect on GAT IOP in post-PK and post-deep LK eyes, 8 which is in agreement with our data.
In disagreement with previous studies, 36 our results show that iCare tended to underestimate IOP in healthy steep corneas and overestimate IOP in normal flat corneas, with an IOP decrease of 0.76 mm Hg per 1 D in CC (Table 3) . Steeper corneas may hypothetically decrease the iCare probe velocity, thus artificially underestimate IOP.
The relationship between CA and IOP with both instruments in controls and post-keratoplasty eyes was not significant (Table 3) . Studies have shown that CA greatly influences GAT. 2, 35, 37 The method used to measure IOP with GAT in eyes with high astigmatism (the mean of two readings taken at the flattest and steepest meridian) 21 could have influenced the results in our cohort of patients. Moreover, studies have reported that CA has no significant effect on GAT in post-PK and post-deep LK eyes, 8 which is in accordance to our results. Unlike GAT, the iCare probe is in contact with a very small area on the corneal surface, thus theoretically less influenced by CA.
The variables CC, CA, CCT, and mean IOP value considered in our study were significantly related to the IOP measurements taken with GAT and iCare in normal corneas, but not in post-keratoplasty eyes (Table 3) ; this may be indicative of other confounding factors not considered (especially in grafted corneas), such as corneal altered biomechanics, which are known to induce errors on GAT 4, 6 and rebound tonometry 17 measurements. From a clinical perspective, the iCare tonometer appeared easier and quicker to use than GAT in post-keratoplasty eyes in our study, especially in eyes with elevated astigmatism that required several repeat GAT measurements. It is important, however, to note some limits of our study. Our cohort of subjects, especially the post-keratoplasty groups, was relatively small. Furthermore, the eyes considered did not have a large range in CCT in both groups, thus the effect of thin or thick corneas was not assessed. Our study is also limiting in that the patients considered are quite variable, and ocular intrinsic differences (ie, axial length, corneal biomechanical properties, postoperative induced changes, etc.) were not assessed in our analysis. Moreover, subjects on topical medication with antiglaucomatous or steroid drops were not excluded, which may have influenced results due to their effect on corneal biomechanics and CCT. Abbreviations: ALTK, automated-lamellar-therapeutic keratoplasty; CA, corneal astigmatism; CC, corneal curvature; CCT, central corneal thickness; DSAEK, Descemet-stripping-automated-endothelial keratoplasty; PK, penetrating keratoplasty; n.a., not applicable. *significance value of the model in explaining the variation of the dependent variable. Statistically significant values are indicated in bold.
In conclusion, GAT and iCare IOP readings were highly correlated but not interchangeable. The intertonometer agreement was clinically acceptable in control, ALTK, and DSAEK groups; it appeared, however, poor in the PK and edematous graft groups. In eyes with normal cornea, GAT appeared to be significantly influenced by CCT, whereas iCare tended to be influenced by both CCT and CC. The iCare tonometer appeared less influenced by corneal edema when compared with GAT. High IOP readings with both tonometers in grafts should raise suspicion of true elevated IOP. Further studies are needed, including intraocular manometric measurements, to determine the most accurate tonometry method in post-keratoplasty eyes.
